Abstract-A somatic mutation within a microsatellite polyA tract in the coding region of the type II transforming growth factor (TGF)-␤ receptor gene was reported to occur in human atherosclerotic and restenotic lesions. This mutation occurs frequently in colorectal cancer with the replication error repair phenotype and results in loss of sensitivity to the growth inhibitory effects of TGF-␤ in cells from the tumors. The mutation was proposed to account for the clonal expansion of vascular smooth muscle cells observed in atherosclerotic plaques, through loss of the growth inhibitory effect of TGF-␤. The frequency of the mutation and the extent of clonal expansion of the mutated cells have major implications for the mechanism of atherogenesis and therapeutic strategies. We analyzed a set of 22 coronary arterial and 9 aortic samples containing early to advanced atherosclerotic lesions for the mutation in the type II TGF-␤ receptor polyA tract. Only 1 coronary arterial sample from an advanced lesion showed detectable amounts of the mutation, present at a low level (8% of the DNA sample). The data imply that the mutation occurs only at low frequency and is not a major mechanistic contributor to the development of atherosclerosis. Key Words: transforming growth factor-␤ Ⅲ type II transforming growth factor-␤ receptors Ⅲ microsatellite mutation Ⅲ atherosclerosis A recent study of the transforming growth factor (TGF)-␤ type II receptor (T␤RII) in human coronary atherosclerotic and restenotic lesions identified a somatic mutation that generates a form of the receptor lacking cytosolic and transmembrane domains that is not expressed in the plasma membrane. 1 TGF-␤1 signaling normally occurs through heterodimer complexes of the T␤RII and TGF-␤ type I receptors; therefore, loss of expression of T␤RII in the plasma membrane inhibits TGF-␤1 signaling. 2,3 The mutation occurs through reduction of a 10A tract to either a 9A or 8A tract, which introduces a stop codon at 161 or 129, respectively, within the coding region of T␤RII. 4 -6 Both mutations were first described in human colorectal cancer and were found to occur frequently in replication error repair-positive tumors but were uncommon in other colorectal tumors or other tumor types. 5, [7] [8] [9] In replication error repair-positive colorectal cancer, the T␤RII mutation is correlated with a mutation of mismatch repair enzymes 4,10 ; however, no mutation was detected in the hMSH3 gene associated with the receptor mutation in coronary atherosclerotic plaques.
A recent study of the transforming growth factor (TGF)-␤ type II receptor (T␤RII) in human coronary atherosclerotic and restenotic lesions identified a somatic mutation that generates a form of the receptor lacking cytosolic and transmembrane domains that is not expressed in the plasma membrane. 1 TGF-␤1 signaling normally occurs through heterodimer complexes of the T␤RII and TGF-␤ type I receptors; therefore, loss of expression of T␤RII in the plasma membrane inhibits TGF-␤1 signaling. 2, 3 The mutation occurs through reduction of a 10A tract to either a 9A or 8A tract, which introduces a stop codon at 161 or 129, respectively, within the coding region of T␤RII. 4 -6 Both mutations were first described in human colorectal cancer and were found to occur frequently in replication error repair-positive tumors but were uncommon in other colorectal tumors or other tumor types. 5, [7] [8] [9] In replication error repair-positive colorectal cancer, the T␤RII mutation is correlated with a mutation of mismatch repair enzymes 4, 10 ; however, no mutation was detected in the hMSH3 gene associated with the receptor mutation in coronary atherosclerotic plaques.
The association of a TGF-␤ receptor mutation with atherosclerosis is of interest in several respects. It was the first demonstration of a frequent somatic cell mutation in atherosclerosis. The mutation occurs in a signaling pathway known to regulate in vitro vascular smooth muscle cell (VSMC) proliferation. 11, 12 It was also noted that inhibition of the TGF-␤ signaling pathway in mutated cells provided an explanation for the well-characterized clonal expansion of VSMCs in atherosclerotic plaques, which is reported to occur in a high proportion of lesions (in 24 of 30 13 and 12 of 15 14 lesions). If the mutation contributes significantly to the clonal expansion of VSMCs in plaques, it would be expected to occur in a substantial proportion of lesions. The total number of plaques examined and the frequency with which the mutation was detected in the plaques were not stated, although of the 20 plaques described, 14 were reported to contain the mutation. 1 However, in a subsequent report in which only 6 atherosclerotic plaques were screened for the mutation, no mutations were detected. 15 The frequency of the mutation is important in terms of the molecular pathology of plaque development and the genetic and environmental factors that determine susceptibility to the mutation, if it is a major contributory mechanism to atherogenesis. Therefore, we have screened DNA for the mutation in 41 sections of coronary and aortic tissue of which 31 contained atherosclerotic plaques from early to advanced stages.
Methods

Human Tissue Samples
Eleven coronary artery samples were obtained from 10 patients and prepared as paraffin-embedded sections. The status of the artery in the sections analyzed is summarized in Table 1 . A further series of 19 coronary artery and 11 thoracic aortic samples was obtained from hearts removed from transplant recipients in the heart and heart-lung transplantation program at Papworth Hospital, Cambridge, UK ( Table 2 ). The present study was approved by an institutional review committee, and informed consent was obtained from each patient. Tissue samples were immersed in Cryo-M-Bed embedding compound (Bright Instruments), snap-frozen in liquid nitrogen, and stored at Ϫ80°C. Embedded blocks were equilibrated at Ϫ20°C in an OFT motor-driven microtome, and 10-and 20-m transverse sections were cut. Microdissection was performed by manipulating 20-m tissue sections with needles. Staining with oil red O as previously described 16 was used before staging the lesions according to the method of Stary and colleagues. [17] [18] [19] 
DNA Extraction
Various methods of DNA extraction were compared to determine whether the proportion of slippage observed in control tissue was affected by the method of extraction. A sample of donor aortic tissue was extracted by (1) the method used in the previous study of proteinase K/SDS digestion, phenol/chloroform extraction, and RNase digestion; (2) proteinase K digestion overnight, followed by centrifugation (10 000g, 15 minutes at room temperature) to remove insoluble material; and (3) the QIAamp tissue kit (Qiagen Ltd) according to the manufacturer's instructions with or without RNase treatment. The method of extraction had no significant effect on the proportion of slippage (9A product), which was (1) 9.9Ϯ3.0%, (2) 8.6Ϯ0.8%, and (3) 8.1Ϯ0.7% with RNase and 8.0Ϯ1.0% without RNase. Therefore, except where indicated, the QIAamp kit was used in subsequent experiments because it gave greater reproducibility of amplification from the DNA extracted from the tissue sections.
PCR and Strand-Length Polymorphisms
The T␤RII polyadenine tract was amplified according to the method of McCaffrey et al. 1 Briefly, 2 oligonucleotide primers were synthesized: a forward primer, 5Ј-CAGTTTGCCATGACCCCAAG-3Ј, and a reverse primer, 5Ј-CATTGCACTCATCAGAGCTACAGG-3Ј. For polymerase chain reaction (PCR) amplification, 0.2 to 1 g DNA was mixed with 200 mol/L dNTPs and 12.5 pmol primer 1 in Pfu polymerase buffer (Stratagene Inc), heated to 95°C for 1 minute, cooled to 80°C, and hot-started with 1.25 U Pfu polymerase, 12.5 pmol primer 2, and 5 Ci [␣-
33 P]dATP. The thermal cycling profile was 1-minute denaturation at 95°C, 1-minute annealing at 60°C, and then 1-minute extension at 72°C for 30 cycles. Radiolabeled PCR products were blunt-ended by digestion with 5 U AluI (Pharmacia Biotech) for 1.5 hours at 37°C. The digested PCR products were separated on 10% polyacrylamide/8 mol/L urea sequencing gels run at 40 W for 4 to 6 hours, fixed in 10% methanol/10% acetic acid for 20 minutes, dried, and exposed to a phosphorimage screen (Molecular Dynamics Ltd). Radioactive products were quantified by using ImageQuant software. PCR reactions were performed on 2 DNA concentrations for each sample. At least 2 separate experiments were performed on all samples with the same result, except for samples C1, C2, C12, C19, and C24, for which only 1 experiment was performed. Control reactions in the absence of genomic DNA were negative in all experiments.
Quantification of PolyA Tract Products
Control plasmids containing either wild-type T␤RII (10A tract) or mutated T␤RII (9A tract) were made by cloning PCR fragments of the genomic DNA from colorectal cancer cell lines, provided by Drs L. Myeroff and S. Markowitz (Ireland Cancer Center, Case Western Reserve University, Cleveland, Ohio) into pCR II vector, and the sequences were confirmed. The plasmids were used as control samples for quantification of PCR products in all experiments.
Pfu polymerase slippage for the wild-type receptor plasmid (10A tract) was determined as the area of the 100-bp (9A) product peak relative to the total area of both the 101-bp (10A) and 100-bp (9A) tract product peaks (see below). The amount of mutation in experimental samples was expressed as the increase in the proportion of 9A tract product observed above the level of 9A tract slippage obtained from wild-type plasmid controls.
The accuracy in determining the proportion of 9A tract product depends on the signal-to-noise ratio for the intensity of the 9A product band, inasmuch as this band was of lower intensity than the corresponding 10A band in all experiments. The signal-to-noise ratio for each polyA tract product was determined by integrating the intensity of the band compared with the integrated intensity of the same area of background within the same lane. By use of serial dilution of the wild-type plasmid control, the signal-to-noise ratio was determined for each dilution after 24-hour exposure on the phosphorimager screen (Figure 1a and 1b) . Constant values for the proportion of 9A tract product from the wild-type plasmid control were obtained when the signal-to-noise ratio of the 9A band (ie, the weaker signal in wild-type plasmid controls) was Ͼ3 (Figure 1c) . Therefore, data were excluded if the signal-to-noise ratio of the 9A band was Ͻ5. The proportion of 9A tract obtained from the control 10A plasmid in 22 determinations was 9.1Ϯ2.2% (meanϮSD). The amount of 9A band detected was linear with the proportion of 9A in mixtures of the control plasmids (Figure 1d ). The amount of 9A observed was significantly greater than the amount of 9A obtained by slippage from 10A control plasmid for additions of Ͼ4% of 9A plasmid (PϽ0.002, 2-tailed unpaired Student t test). Therefore, under the assay conditions used, the lower limit to the proportion of mutated receptor that could be detected in the patient samples was taken as 4%.
Results
Coronary and Aortic Sections
To obtain a preliminary estimate of the proportion of plaques that contained mutations, a study of 11 transverse sections from 10 coronary arteries was made. The sections varied from normal artery 3 to early atherosclerotic plaques 4 and then to advanced plaques 4 and were examined without knowledge of the status of the samples.
DNA was extracted (proteinase K digestion; see Methods) from paraffin-embedded samples of undissected coronary artery sections (C1 to 11, Table 1 ) and analyzed for polyA tract mutation (Figure 2 ). Of the 11 samples examined, 10 had proportions of 9A tract between 9.5% and 11.3%, which was well within the SD for all wild-type receptor forms examined (9.1Ϯ2.2%, data not shown). Only 1 sample (C3) showed an increased proportion of 9A tract (to 17.0Ϯ1.1%, 4 separate determinations), which was 2 SD above the mean wild-type value.
Because the proportion of plaques containing mutated receptor was low, a further set of 19 coronary arteries and 11 pieces of aorta from explanted hearts was collected. None of the 15 coronary sections or 11 aortic sections examined (C12 to C26 and A1 to A11, Table 2 ) contained amounts of mutated receptor gene Ͼ1 SD above the mean wild-type value. 
Microdissected Coronary Sections
To determine whether the inability to detect a significant proportion of atherosclerotic plaques containing mutated receptor gene (1 of 18 plaques) was due to the presence in the sections of large proportions of wild-type receptor gene, the plaques were microdissected. One set of coronary arterial sections with advanced atherosclerotic plaques (9 from 8 arteries) was microdissected. Regions of the plaque were separated from the underlying media and adventitia and were collected, together with a region of the fibrous cap where this was well defined (4 of 9 plaques). Representative sections (lesion stages IV, Va, Vb, and Vc) stained with hematoxylin/ eosin (with the regions microdissected indicated) are shown in Figure 3 . None of the separated components of the plaque sections contained detectable mutated receptor gene.
Discussion
The description by McCaffrey et al 1 of a mutation in atherosclerotic plaques that would inhibit TGF-␤ signaling was consistent with a role for TGF-␤ as a major antiatherogenic cytokine. 16, 20 However, in the 22 coronary arterial and 9 aortic samples examined, which contained lesions from early to advanced stages, only 1 coronary arterial sample showed a detectable mutation of the T␤RII polyA tract. The level of mutation detected was low (at 8% above background) but well above the threshold for assay significance (4% above background). Therefore, a key issue to be addressed in future studies is the origin of the different frequencies of mutation observed in the study of McCaffrey et al compared with the present study and that of Bobik et al. 15 We have taken great care to ensure that the experimental conditions used to extract and process the DNA do not have any effect on the ratio of 10A to 9A forms detected after PCR. Furthermore, sufficient DNA was obtained from most plaques to repeat the duplicate assays in 2 to 4 separate experiments for each sample. We conclude that the reason for the difference in the observed frequency of mutation is very unlikely to be due to differences in the experimental techniques used.
A potential contribution to the difference in mutation frequency observed between the studies is the type of lesion material analyzed. McCaffrey et al 1 reported that a significant level of T␤RII mutation is present in lesions of a subset of surgical endarterectomy vascular specimens, but no samples of this type were examined in the present study or in the study of Bobik et al. 15 However, sections from coronary arteries containing plaques were examined in all 3 studies, and the lesions in the plaques that we analyzed ranged from stages II to V according to the classification of Stary et al, 17 indicating that Figure 2 . Analysis of coronary tissue for microsatellite mutations of T␤RII. Genomic DNA was extracted from normal and atherosclerotic coronary arterial sections, listed in Table 1 , by proteinase K digestion. T␤RII was amplified as described in Methods from genomic DNA (1 and 0.2 g for all sections). PCR products were separated on 10% polyacrylamide gel, and band patterns were compared with 10A and 9A standards. The amount of 9A product for each sample above the level of slippage determined for the 10A standard is shown below the PCR products. Amplification of 0.2 g DNA from C7 did not produce 10A and 9A products that met the defined signal-to-noise criteria for analysis. the extent of lesion development is unlikely to account for the difference in frequency of mutation observed. An alternative explanation is that there are major differences in the frequency of the mutation in lesions obtained from different populations of patients, eg, differences due to sex or gene pool (eg, associated with ethnic groups). A more plausible explanation lies in the possibility that an environmental cofactor contributes to those mutations that arise in blood vessels. 21 Monoclonality of atherosclerotic plaques is well established, although the mechanism by which it occurs remains unclear. 14 However, it has been suggested that the clonality observed in lesions may represent the expansion of preexisting clones from within uninjured vessel beds. 22 In contrast, McCaffrey et al 1 have suggested that the T␤RII mutation might bring about the monoclonal expansion of cells within atherosclerotic lesions by allowing the mutated cells to escape the inhibition of proliferation that is usually exerted by TGF-␤. This suggestion implies that the mutation frequency would approach the frequency of the monoclonal phenotype. In the first study of monoclonal cells in plaques (Benditt and Benditt 13 ), data in their Table 1 indicated that 24 of 30 fibrous caps of atherosclerotic plaques showed monoclonal phenotypes. In a more recent study, plaque smooth muscle cells showed a single pattern of X inactivation, indicating that the smooth muscle cells were monoclonal in 3 of 4 aortic plaques and in 9 of 11 coronary plaques. 14 Therefore, the present data and the data of Bobik et al 15 imply that it is unlikely that the T␤RII mutation is a major cause of the monoclonal regions detected in a high proportion of plaques. However, it should be noted that any deficit in TGF-␤ signaling, either through decreased levels TGF-␤ activity or through altered expression of the signal transduction proteins (receptors and/or Sma-and Mad-related proteins), might promote expansion of VSMCs within plaques. It is of interest that mutations throughout the TGF-␤ signaling pathway are estimated to occur in 80% of human colorectal tumors. 23 
